Isolated adult rat cardiac myocytes were subjected to anoxia and substrate deprivation for 15, 30, 60, 90, and 120 minutes and reoxygenation for 120 seconds. The supernatant and cell extract were analyzed for hydroxyl radicals ( OH) with high-performance liquid chromatography using salicylate as a trapping agent. The production of intracellular H202 as a possible precursor of * OH was also documented using the fluorescent probe dichlorofluorescein diacetate. The release of the cytosolic enzyme lactate dehydrogenase (LDH) and malondialdehyde (MDA) formation were used as cell injury markers. Trypan blue and horseradish peroxidase stains were used as markers for altered membrane permeability. Maximum formation of * OH was observed in myocytes subjected to 15 minutes of anoxia/reoxygenation (2.83±0.27 nmol/mg protein), at which time no injury was observed at light and ultramicroscopic levels. On the other hand, there was no correlation between the amount of OH production and different parameters of cell injury in myocytes subjected to anoxia/reoxygenation longer than 15 minutes. Myocytes developed extensive blebbing, loss of cell membrane permeability, and ultrastructural damage. The enzyme leakage was minimal at 15 minutes (0.094+0.021 units/mg protein) and increased fivefold after 120 minutes (0.428±0.069 units/mg protein). Similarly, MDA increased from 0.78±0.14 nmol/mg protein at 15 minutes to 1.65+0.35 nmol/mg protein at 120 minutes. Incubation with 1 mM deferoxamine reduced the * OH production at all anoxic intervals, most significantly at 15 minutes, but did not decrease LDH and MDA release or provide ultrastructural preservation. However, preincubation with 2.5 ,uM diphenylphenylenediamine markedly reduced both LDH and MDA release and offered prominent ultrastructural protection. These results suggest that 1) myocytes were able to generate * OH endogenously; 2) maximum OH was produced at 15 minutes after anoxic reoxygenation without compromising cell viability; 3) prolongation of the anoxic period exacerbated cell damage without parallel increase in * OH generation; 4) there was no significant production of * OH after 15 minutes of anoxia/reoxygenation with or without treatment of deferoxamine, suggesting that prolonged anoxia/reoxygenation does not induce additional * OH formation and thus mediate cell injury; and 5) it is likely that the damage to myocytes in this system was still mediated by free radicals other than OH, as indicated by the protection by diphenylphenylenediamine against the cellular injury. (Circulation Research 1993;72:725-736) 
ing with protein, causing destruction and oxidation of amino acids, oxidation of sulfhydryl groups, and polypeptide chain scission.5 Out of these, * OH is thought to be very noxious. Direct detection of oxygen-free radicals is complicated by their highly reactive and transient nature. Electron spin resonance spectroscopy has recently been used to document accelerated formation of oxygen-free radicals in the early reperfusion period.6-8 However, direct electron paramagnetic resonance spectroscopy has several limitations. Specifically, some studies have suggested that certain electron paramagnetic resonance spectra, initially thought to be due to oxygen radicals, were in fact due to freezing and mechanical manipulation of the tissue. Pulverization of the frozen sample can form artifactual radicals, giving rise to ambiguous electron paramagnetic resonance spectra.9-1' Despite these shortcomings, sufficient evidence has accumulated indicating their role in the pathogenesis of cell injury under different pathological conditions. However, the selective contributions of different cardiac cell types, i.e., myocytes, endothelial cells, and tissue macrophages, toward -OH production remain unclear.
Previously, using salicylate as a probe, we have demonstrated the evidence of . OH production during postischemic reperfusion in isolated rat hearts. This method uses ultraviolet detection12 of the salicylate hydroxylation products with high-performance liquid chromatography (HPLC) instead of electrochemical detection as used by Floyd et al. 13 We found HPLC simple and reproducible.
In the present study, we determined . OH on reoxygenation of isolated cultured cardiomyocytes after different periods of anoxia. The production of intracellular H202 as a possible precursor of * OH formed through the Haber-Weiss reaction was also documented using the fluorescent probe dichlorofluorescein.1415 The relation between * OH production and cell viability, cell morphology, lactate dehydrogenase (LDH) release, and malondialdehyde (MDA) formation (an indicator of lipid peroxidation) was determined at different anoxic time intervals and compared with * OH production. Transmission and scanning electron microscopy was done to correlate . OH production with ultrastructural changes.
Finally, the effects of the iron chelator deferoxamine (DEF, an * OH scavenger) and diphenylphenylenediamine (DPPD, a lipophilic antioxidant in the prevention of reoxygenation damage) were also studied.
Materials and Methods Reagents
The reagents used in the experiments were as follows: collagenase type II (Worthington Biochemical Corp., Freehold, N.J.), bovine serum albumin fraction V (Gibco BRL, Grand Island, N.Y.), modified Eagle's medium (DMEM, Gibco), laminin (Collaborative Research, Inc., Bedford, Mass.), gentamicin (Gibco), trypan blue (iB, Sigma Chemical Co., St. Louis, Mo.), horseradish peroxidase (HRP, Sigma), salicylic acid (Sigma), DEF mesylate (CIBA-GEIGY Corp., Edison, N.J.), and N,N'diphenyl-1,4-phenylenediamine (Aldrich Chemical Co., Milwaukee, Wis.).
Isolation of Myocytes
The animals in this study were maintained and used according to National Institutes of Health guidelines for laboratory animal care and use and following University of Cincinnati Animal Care and Use Committee protocol approval.
Adult male Sprague-Dawley rats (200-250 g) were injected with 500 units/kg heparin sodium intraperitoneally. After at least 20 minutes, the rats were anesthetized with intraperitoneal phenobarbital (30 mg/kg). The heart was removed and hooked to a modified Langendorff perfusion apparatus (Kontes, Vineland, N.J.) and washed with Ca'`-free modified Krebs-Ringer buffer containing (mM) NaCl 110, KCl 2.6, MgSO4 1.2, 11.0 for 5 minutes. [16] [17] [18] The hearts were then recirculated with buffer containing 0.1% collagenase and 0.1% albumin. Ten to 15 minutes was allowed for Ca`4-free circulation, and then Ca'+ was added gradually to a maximum final concentration of 1 mM over a 30-minute period. The hearts were perfused for 1 hour, at the end of which both ventricles were removed, cut into small pieces, and incubated in fresh buffer containing 0.1% collagenase and 1% albumin for 10-20 minutes while gently rotating. The suspension was filtered through 209-,m nylon mesh and centrifuged slowly. The cell pellet was washed with 0.2% albumin and centrifuged through a density gradient of 0.2% and 4% albumin solution to remove dead cells. The cells were then washed with 4% albumin solution and twice with MEM containing 0.2% albumin, 25 mM HEPES, 26 mM NaHCO3, and 50 ,ug gentamicin. Approximately 2.0 x 10' rod-shaped cells were plated in 60-mm laminin-coated dishes and incubated overnight in a CO:
incubator (95% air-5% CO2) before the experiments.
The adherence of cells was important for the removal of dead cells. All myocytes were characterized in terms of calcium tolerance (striated appearance), cell viability, and integrity (TB). With this method, a total of 5-6 million rod-shaped cells were obtained from each heart, depending on the collagenase batch.
Experimental Protocol
After overnight incubation at 37°C, the medium was replaced with 2 ml MEM containing 1 mM salicylic acid, and the dishes were incubated for 2 hours to load the cells with salicylic acid.
After 2 hours of preincubation, the dishes were transferred into the anoxic chamber (Forma 1025 Anaerobic System) through the interchange cycle. Once inside, the cells were washed 10 times with anoxic Tyrode's solution containing (mM) NaCl 125, KCl 2.6, KH2P04 1.2, MgSO4 1.2, CaCI2 1, HEPES 25, and salicylic acid 1, pH 7.4, bubbled with 100% N2 at 37°C for 2 hours. It took 3 minutes to wash each dish, and this time was not included in the "anoxic incubation period" calculation. The dishes were then subjected to anoxic incubation of either 15, 30, 60, 90, or 120 minutes at 37°C with 1 ml Tyrode's solution per dish. The 02 content of the air inside the chamber and that of the Tyrode's solution was <0.1% during the entire period of the experiment, as measured by the Cavitron/LexO2 CON-KTM DC-60 total 02 content analyzer. This is at the limit of instrument resolution (0.1% [vol] ). The pH of the Tyrode's solution was between 7.3 and 7.4 at all times during the experiment. The contribution of iron contamination toward OH radical production was eliminated by pretreating the distilled water used for making the Tyrode's solution with chelex-resin-100 (Bio-Rad Laboratories, Richmond, Calif.) as described. 12, 19 At the end of anoxia, the dishes were taken out and reoxygenated by a gentle stream of 95% 02-5% CO2 running above the surface of attached cells for 120 seconds. The supernatant was collected at the end of 120 seconds and frozen at -70°C for later analysis of 2,5-dihydroxybenzoic acid (2,5-DHBA). The cells were fixed with 2.5% glutaraldehyde for morphology.
In a separate group of experiments, the myocytes were preincubated with 1 mM DEF for 1 hour. DEF (1 KH2P04 1.2, NaHCO3 25.0, HEPES 25.0, and glucose mM) was also added to the Tyrode's solution both during anoxic incubation and during reoxygenation. This concentration of DEF has been shown to be sufficient to prevent an iron-catalyzed Haber-Weiss reaction. 20 The effect of DEF on * OH production was checked at 15, 30, 60, 90, and 120 minutes. In a third group, myocytes were preincubated with 2.5 ,aM DPPD for 1 hour, and the same amount was also added to Tyrode's solution during both anoxia and reoxygenation. Various injury parameters were checked and compared with the DEF group.
Demonstration of Oxidant Production by Myocytes
Myocytes were incubated with 5 gM dichlorofluorescein diacetate for 1 hour. Dichlorofluorescein diacetate is a stable lipid-soluble compound that is readily taken up by the cells, deacetylated by the cytosolic enzymes into a nonfluorescent product, and trapped within the cytoplasm. Dichlorofluorescein diacetate is rapidly oxidized to a highly fluorescent compound, 2',7'-dichlorofluorescein by oxygen reactive species.21'22 This transformation from nonfluorescent to fluorescent form is irreversible and reports cumulative oxidation.
2',7'-Dichlorofluorescein-loaded cells were subjected to 15, 30, 60, 90, and 120 minutes of anoxia, followed by 120 seconds of reoxygenation. The level of fluorescence was examined on an Olympus IMT-2 inverted research microscope with a reflected light fluorescence attachment. Photographs were taken with 640T Scotchchrome film. For control, dye-loaded myocytes not subjected to anoxia/reoxygenation were checked for fluorescence. Measurement of * OH in the Supernatant Salicylate easily diffuses through the cell membrane and so would be expected to trap both intracellular and extracellular . OH. The effluent (0.75 ml) was treated with 30 gl of 100 ,uM 2,4-DHBA (internal standard) and 37.5 gul of 1N HCl and extracted with 7.5 ml HPLC-grade diethyl ether on a vortex mixer for 90 seconds. The diethyl ether layer was separated and completely evaporated in a water bath at 40°C. The residue was dissolved in 37.5 gl of 1N HCI and 24.4 gul of the mobile phase (0.03 M citrate acetate buffer). Twenty microliters of this solution was injected into the HPLC unit.
The 
Morphological Examination
One-square-millimeter grids were placed in the dishes, and the number of cells was counted before anoxia and after various intervals of reoxygenation. Cells were subsequently divided into three groups according to cell length-to-width ratio: rod cells with a cell length/width ratio of >3, square cells with a cell length/ Evaluation of Membrane Permeability and Cell Viability Cells were exposed to 0.1% TB or 0.1% HRP for 5 minutes after reoxygenation, fixed in 2.5% glutaraldehyde, and processed for sarcolemmal membrane damage. 24 The number of stained and unstained cells in the dishes was counted.
Measurement of Lactate Dehydrogenase
Supernatant from myocyte culture dishes was collected after reoxygenation and used for measurement of LDH, an indicator of myocardial injury. Spectrophotometric enzyme assay was performed using a Sigma assay kit. Measurement of enzyme activity was based on the oxidation of lactate and the rate of increase in absorbance at 340 nm. Control dishes were incubated aerobically without anoxia.
Measurement of Lipid Peroxidation
Lipid peroxidation was determined using the thiobarbituric acid reaction. This reaction reveals several oxidized substances including MDA and has been used frequently by many investigators to measure MDA as an index of lipid peroxidation. 25, 26 After 15, 30, 60, 90, and 120 minutes of anoxia and 120 seconds of reoxygenation, 1 ml Tyrode's solution was mixed with 2 ml of 0.375% thiobarbituric acid and 15% trichloroacetic acid in 0.25N HCl. The mixture was left at room temperature for 10 minutes and then heated in boiling water for 15 minutes, cooled to room temperature, and centrifuged at an acceleration of 1,000g for 15 minutes. The supernatant was used to measure thiobarbituric acid reaction product absorbance at 532 nm with a Beckman DV-40 spectrophotometer. The results were expressed as nanomoles per milligram protein of thiobarbituric acid reaction products. For control, dishes were incubated aerobically without anoxia, and the supernatant was analyzed for MDA at corresponding intervals.
Assessment of Membrane Damage by Scanning Electron Microscopy
Cells were dehydrated in a series of graded ethanol and dried with CO2 gas in Balzer's critical point drier.
The dried samples were coated with gold-palladium (60:40) and were examined in an ETEC Autoscan electron microscope.
Evaluation of Ultrastructural Changes Using Transmission Electron Microscopy
For transmission electron microscopy, fixed cells were rinsed with 0.17 M sodium cacodylate buffer and postfixed in 1% buffered osmium tetroxide for 30 minutes, followed by dehydration with a graded series of ethanol. Cells were then embedded in Epon medium. Thin sections were stained with uranyl acetate and lead citrate and examined in a Hitachi H-600 electron microscope.
Measurement of Myocyte Protein Content
The cells were scraped off the dish and mixed with 2 ml of 6% cold perchloric acid. The cell suspension was heated at 70°C for 20 minutes and then centrifuged at an acceleration of 1,000g for 20 minutes. The pellet was dissolved in 2 ml of 0.1N NaOH solution and was cooled width ratio of <3, and round cells.23 anoxic time (minutes) FIGURE 1. Graph comparing myocyte morphology and viability. The percentage of viable cells (negative for trypan blue) decreased with longer anoxic time. The cell viability curve showed a more steep decline than the morphology curve. At 120 minutes of anoxia, 100% cells were nonviable (positive for trypan blue), but 30% of them were still rodshaped. All values are mean +SEM; n-5.
in ice for 20 minutes, after which it was centrifuged again at 1,000g for 20 minutes. The absorbance of supernatant was measured by brilliant blue G (Coomassie blue) reaction with protein. For standards, 300 gg/ml bovine serum albumin fraction V, dissolved in 0.1N NaOH, was used, and the absorbance was measured at 595 nm.
Statistical Analysis Data were expressed as mean±SEM. Group comparisons were done by analysis of variance with multiple comparisons. A difference of p<0.05 was considered significant.
Results
Effect ofAnoxia on Cell Shape and Viability Figure 1 shows the relative percentage of different types of cells and the degree of cell viability under anoxic conditions. The results were expressed as rod-, square-, or round-shaped cells per 100 cells counted. In control myocytes not subjected to anoxia, 98% of the cells were rod shaped. At 15 minutes of anoxia, 80% myocytes were rod shaped and 20% showed hypercontraction; almost all of these hypercontracted cells excluded TB and HRP. At 30 minutes of anoxia, the number of rod-shaped cells remained the same, but the hypercontracted squareshaped cells became HRP-positive. At 60 minutes of anoxia, the number of rod-shaped cells was reduced to 68%. Most of the hypercontracted and some rod-shaped cells became positive for HRP. At 90 and 120 minutes, only 45% and 30% cells remained rod-shaped, respectively, but 90-95% of these rod-shaped cells were nonviable as determined by TB and HRP. creasingly permeable to HRP with increasing anoxia. The hypercontracted cells at 15 minutes of anoxia did not take up the dye despite changes of cell morphology, but beginning at 30 minutes, the TB-and HRP-positive cells started to increase. Although initially only roundshaped cells took up the dye, with increasing anoxic time even square-and rod-shaped cells became positive for the dye until 120 minutes of anoxia, when all the cells, regardless of morphology, became permeable to the dye. Electron microscopy of cells at 120 minutes of anoxia showed swollen mitochondria with disrupted cristae and staining of the myofilaments with HRP ( Figure 3 ).
Assessment of Membrane Permeability as Determined by Horseradish Peroxidase

Effect ofAnoxia on Membrane Bleb Formation
No cytoplasmic membrane bleb formation was observed after 15-30 minutes of anoxia (Figure 4 ). Invariably, bleb formation also did not occur in round-shaped cells. The rod-shaped cells were also susceptible to bleb formation. The blebs seen on the myocyte cell surface during anoxia/reoxygenation were mostly amorphous with no mitochondria or other cytoplasmic organelles in them. However, the blebs did have a tendency to detach from the cell membrane, leaving a small stub on the membrane at the site of the original bleb attachment. Blebs first appeared at 60 minutes in a few cells; at 90 and 120 minutes of anoxia, intensive bleb formation on numerous cells was seen ( Figure 5 ). Scanning electron microscopy showed severe membranous bleb formation. Bleb detachment was more visible on the scanning electron micrographs.
Lactate Dehydrogenase Release During Postanoxic Reoxygenation
The release of cytosolic enzyme LDH was biphasic ( Figure 6A ). The enzyme release doubled between 15 minutes of anoxia and 30 minutes of anoxia (p<005). The enzyme loss from 30 minutes to 90 minutes was almost the same. There was a second hike at 120 minutes, which was significantly different from the amount at 15 or 30 minutes (p<0.05). It is obvious that the doubling of LDH between 15 minutes and 30 minutes occurred without a concomitant rise in MDA (lipid peroxidation) and TB-positive cells. Therefore, this initial rise in LDH is mainly occurring before significant morphological changes start to appear. LDH in the control group was <0.036 units/mg protein at all intervals.
Lipid Peroxidation During Postanoxic Reoxygenation
Significant elevation in the amount of MDA detected in the supernatant occurred after 60 minutes of anoxia At 90 and 120 minutes of anoxia (panels C and D), extensive bleb formation with many detached blebs was seen. All anoxic cells were reoxygenated for 2 minutes. Magnification, x 1, 000 for panel A and x 1 200 for panels B-D. 12 as compared with the amount at 15 minutes (p<0.05) ( Figure 6B ). The appearance of membrane blebs was also first observed at that anoxic period. The lipid peroxidation corresponded with membrane bleb formation. MDA doubled from 0.78±0.14 to 1.65±0.35 nmol/mg protein at 15 minutes to 120 minutes respectively, but maximal elevation was seen after 90 minutes.
In control myocytes not subjected to anoxia, the average MDA value was 0.60 nmol/mg protein at all intervals.
Oxygen Metabolite Production by Myocytes Upon Reoxygenation
In dichlorofluorescein-loaded myocytes subjected to 15 minutes of anoxia followed by reoxygenation for 120 seconds, fluorescence was observed during the reoxygenation period (Figure 7 ). In longer intervals of anoxia, no fluorescence could be observed on reoxygenation, probably because of dye loss by the sarcolemma during the anoxic incubation or because the radical production was not enough to oxidize the dye. In myocytes subjected to 15 minutes of anoxia, the fluorescence was observed during the very early period of reoxygenation, i.e., within 90 seconds of reoxygenation.
In the control myocytes, the cells showed no fluorescence until > 15 minutes of exposure to ultraviolet light. This artifactual fluorescence was probably due to photooxidation of dichlorofluorescein by ultraviolet light.
Hydroxyl Radical Production During Reoxygenation ofAnoxic Myocytes
During simple anoxia, OH was formed during all periods of anoxia ranging from 15 minutes to 120 minutes, and the amount varied from 0.65+±0.10 nmol/mg protein for 15 minutes of anoxia to 0.88+±0.1 nmol/mg protein for 120 minutes of anoxia ( Figure 8 ). However, on reoxygenation a multifold increase in -OH was observed in the myocytes subjected to 15 minutes of anoxia (2.83 ±0.27 nmol/mg protein) and was significantly reduced in myocytes subjected to >30 minutes of anoxia. This suggests that for in vivo models of ischemia and reoxygenation, maximum * OH production occurs in reversibly ischemic myocardium, whereas radical generation decreases significantly in irreversibly damaged cells.
Effect of Salicylic Acid on Myocyte Cell Cultures
To rule out the effect of salicylic acid on normal myocytes, they were incubated with 1 mM salicylic acid for 120 minutes. No effect was observed on the cell shape, and the cells remained viable excluding both TB and HRP. No blebs appeared on the membrane surface. Negligible peaks of 2,5-DHBA were seen when these dishes were exposed to 95% 02-5% CO2 for 120 minutes without subjecting the myocytes to anoxia. These observations excluded the possibility of any toxic effect of 1 mM salicylate on the myocytes. Also, the possibility of * OH formation due to exposure of 02 was ruled out.
Effect of Interventions
Deferoxamine: * OH production. Preincubation of myocytes with 1 mM DEF for 1 hour and additional treatment with 1 mM DEF both during anoxia and reoxygenation reduced the amount of * OH generated during all anoxic intervals (Figure 9 ). The most significant difference was in myocytes subjected to 15 minutes of anoxia, in which 2,5-DHBA decreased from 2.83+±0.27 nmol/mg protein in non-DEF-treated myocytes to 0.82±0.17 nmol in the DEF-treated myocytes.
However, DEF did not reduce 2,5 -DHBA to zero. This could be because part of the 2,5-DHBA detected may be formed by the reactive oxygen species other than * OH, e.g., 102.27
Deferoxamine: LDH release and thiobarbituric acid reaction products. Although DEF caused reduction in the formation of * OH at all anoxic intervals, it failed to cause any significant reduction in the amount of LDH release (Figure l0A ). The LDH release at each level of anoxia was identical in both DEF-treated and non-DEF-treated myocytes. The LDH leakage increased from 0.094+0.021 to 0.428±0.155 units/mg protein in non-DEF-treated myocytes and from 0.099±0.008 to 0.409±0.12 units/mg protein in DEF-treated myocytes.
No statistically significant reduction in MDA release was seen in any group (Figure lOB) . At all anoxic intervals, the amount of MDA detected was similar in both groups, indicating that inhibition of * OH production by DEF did not reduce reoxygenation damage of the cell membranes. No morphological changes were seen in the treated and nontreated myocytes, and the morphology was similar, as shown in Figure 4 .
DPPD. To establish whether reoxygenation damage could be prevented by interventions other than * OH scavengers, we used DPPD, a lipophilic antioxidant. A significant reduction in both LDH release ( Figure 11A) and MDA (Figure liB) was seen. A significant increase in MDA formation was first observed at 90 minutes compared with the increase at 15, 30, and 60 minutes (p< 0.05). MDA was seen in all anoxic myocytes treated with DPPD. MDA decreased from 1.65±0.35 nmol/mg protein in myocytes subjected to 120 minutes of anoxia to 0.59±0.06 nmol/mg protein in DPPD-treated myocytes. The reduction in LDH at 120 minutes of anoxia was from 0.428±0.155 units/mg protein in non-DPPDtreated myocytes to 0.196±0.07 units/mg protein in DPPD-treated myocytes, indicating that lipid peroxidation, probably by oxygen radicals, was the major pathway for reoxygenation injury in this experimental setup, but * OH did not appear to be involved in such damage. Discussion Superoxide (02 ), hydroxyl ( OH), and lipid peroxide (RO ) are short-lived highly-reactive species that are produced during different pathological conditions, including myocardial ischemia and reperfusion.1,3,4 Among these, * OH is thought to be very noxious and reacts with a large variety of biomembranes, resulting in increased membrane fluidity, increasing permeability, and loss of membrane integrity.28 * OH is believed to be highly reactive, and its generation in the postischemic heart causes heart dysfunction and stunning.2'7'29'30 Although a number of potential sources of * OH production exist within the ischemic since no morphological differences were observed in the myocytes subjected to anoxia with or without salicylate. The hydroxyl radical is thought to have a crucial role in postischemic reoxygenation injury of myocardiurn,"132 but direct evidence of *OH involvement per se is still lacking. The main finding in this study was that isolated myocytes themselves were capable of producing *OH, but there was no correlation between *OH production and different parameters of cardiac cell injury. Maximal production of *OH occurred after brief periods of anoxia (10-15 minutes). However, maximum *OH production was not accompanied by maximum enzyme release and lipid peroxidation product. It is likely that in the present study the early damage after 15 minutes of anoxia was reversible, similar to the stunned myocardium; i.e., ultrastructural evidence of cell injury is not observed. Thus, it is reasonable to conclude that * OH production by the myocytes may not be sufficient to produce damage and that the major source of *OH may be external to the myocytes themselves. Timmerman et al33 have reported that isolated myocytes subjected to anoxia and reoxygenation do not produce sufficient oxygen radicals to deplete cellular glutathione content, a step in the progression toward irreversible injury. Could maximal * OH production at 15 minutes of anoxia initiate cellular injury that is manifested at a later time? An argument against this possibility is that myocytes subjected to 15 minutes of anoxia/reoxygenation and then incubated aerobically over an extended period did not show morphological or biochemical changes. LDH and MDA measurements after 120 minutes were similar to control values. The possibility of endogenous * OH production in this setup causing any uncontrolled entry of various ions over a prolonged period affecting cellular injury was thus ruled out. Isolated myocytes have been reported to undergo calcium overload on exposure to an exogenous * OHgenerating system34 and during postanoxic reoxygenation,35 but precise quantitation of * OH produced was not done in those studies. Therefore, the relative importance of * OH in causing cell injury without its quantification cannot be realistically assessed from these studies. However, our results agree with a recent study that showed no relation of the maximal amount of * OH generated during ischemia and reperfusion in the isolated heart with cardiac function and structure. 36 It has been reported that exogenously produced * OH causes damage to myocardial and endothelial cells.3738 Enzyme-dependent reactions or electrolysis were used in these studies to generate . OH. However, no quantitation of the amount of . OH produced was done. The amount of . OH produced in these studies could have been unphysiologically high, thereby causing the damage as reported by the above studies. In our earlier studies, we reported a production of 42.7 ,uM 2,5 -DHBA within 2 minutes under in vitro conditions using ferrous chloride, H202, and ascorbic acid.12 This production of . OH in vitro is more than 104 times the maximum endogenous . OH detected in myocytes in our present study.
To further elucidate the role of * OH in reoxygenation injury, we preincubated the myocytes with 20 mM DEF (an iron chelator) for 2 hours and added 1 mM DEF to Tyrode's solution both during anoxia and reoxygenation. This concentration of DEF inhibited * OH production at all anoxic intervals but most prominently at 15 minutes of anoxia/reoxygenation. However, there was no statistically significant difference in the other parameters of cellular injury, i.e., LDH and MDA release and morphology, in the DEF-and non-DEF-treated myocytes at any anoxic period. Despite reduction of . OH production by DEF, its failure to reduce cell injury during 60-120 minutes of anoxia/ reoxygenation, when the cellular damage becomes irreversible, suggests a minimal role of . OH in reoxygenation injury. Other investigators have also shown the ineffectiveness of DEF in reducing ischemic myocardial injury. Maxwell et a139 reported the ineffectiveness of DEF pretreatment in reducing infarct size and arrhythmias in rabbit hearts subjected to regional ischemia and reperfusion. Myers et al40 also reported the failure of DEF to provide widespread protection and functional recovery in globally ischemic and reperfused isolated rabbit hearts. However, several investigators30,41'42 have reported the beneficial effect of DEF, but most of these studies were performed on intact rabbit, rat, or dog hearts. Moreover, the radical detection was done by the without quantitation of -OH. Our study reported here clearly demonstrates that suppression of OH during reoxygenation with DEF did not reduce the injury to myocytes.
Moreover, we have reported the maximum OH trapping with salicylate at 15 minutes of anoxia/reoxygenation, which coincides with the endogenous burst of oxidant production by myocytes as shown by our dichlorofluorescein studies. Oxidant burst has been reported within cells after the use of fluorescent dyes in earlier studies. Saez et al15 demonstrated the generation of oxidants with dichlorofluorescein in cultured cervical ganglion neurons during starvation. Bass et al43 showed oxidative burst (H202 production) in polymorphonuclear leukocytes on stimulation by phorbol myristate acetate in single-cell analysis by flow cytometry using dichlorofluorescein. Our study confirms that oxidative burst occurs in living cells and documents its occurrence in isolated myocytes. This H202 can act as the precursor of * OH through the Haber-Weiss reaction. Since the Haber-Weiss reaction requires a metal catalyst (Fe3+), we used the iron chelator DEF in this reaction and were successful in inhibiting the production of OH. The occurrence of the Haber-Weiss reaction in biological systems is not established,44 but our current data point to a possibility of this reaction occurring in vivo.
Bleb formation was a characteristic feature of anoxia/ reoxygenation injury in myocytes. It has been suggested that this formation is associated with an alteration in the normal actin filament pattern and with high levels of calcium in the cells,45,46 although Lemasters et a147 observed no change in Ca2' during bleb formation or before the loss of viability using potassium cyanide and iodoacetate. Whereas we did not measure cellular Ca2' in our studies, very early bleb formation was first observed at 60 minutes of anoxia and, more commonly, on the hypercontracted square-and round-shaped cells. It is possible that actin filaments may function in the pinching off and resealing process and the detachment of blebs from the cells (as frequently noted in this study). Evidence of the involvement of cytoskeletal components in the formation of blebs is accumulating.45 Although oxygen-derived radicals have been implicated in changing the Ca 2+ flux of the membrane, direct involvement of oxygen radicals in the pathogenesis of blebs has not been documented. At 60 minutes of anoxia, when the blebs are first seen, the OH production has already decreased to the basal level. Subsequently, although more cells assume the hypercontracted round shape and develop membranous blebs, * OH formation remains at a low level. Bleb formation thus seems to coincide more with lipid peroxidation at 60 minutes of anoxia in our study than to the OH concentration.
Prolonged anoxic time was associated with lesser OH production, which was accompanied by more cellular damage, membrane leakiness (increased LDH), lipid peroxidation (increased MDA), and evidence of membrane bilayer disintegration (bleb formation), and this damage was not prevented by inhibiting OH. To investigate whether this cellular damage could be prevented indirectly, we used a specific lipophilic antilipid peroxidant, DPPD. This compound has been frequently cited in the literature as a protective agent against electron paramagnetic resonance spectroscopic method oxidant-induced injury. Rubin and Farber48 have re-ported prevention of MDA accumulation and cell death in DPPD-treated hepatocytes subjected to exogenous H202. Kirkland49 showed prevention of thiobarbituric acid reaction products with DPPD pretreatment in cultured bovine pulmonary artery endothelial cells exposed to exogenous H202. However, in their study, DPPD did not decrease LDH release. In our study, DPPD treatment significantly inhibited both LDH and MDA release, and the appearance of blebs on membrane surface was also delayed. DPPD treatment decreased * OH formation only slightly (approximately 20%), but it did provide significant structural and ultrastructural protection. These results strongly suggest that lipid peroxidation, probably through radicalmediated mechanisms, was the major pathway for reoxygenation injury in this experimental setup, but * OH was not the major radical species involved in such damage. It is possible that oxygen-derived radical species other than * OH generated during reoxygenation are more injurious. Additional evidence is needed to support this conclusion. 02and H202, which act as precursors of * OH, are formed in the endothelial cells, the mitochondrial electron transport chain, and neutrophilsl50 in the intact heart. In cultured myocytes, since neutrophils and endothelial cells are not present, the sole source of * OH is the myocytes. Moreover, since Tyrode's solution is completely devoid of iron, because of chelex treatment, the iron being used for * OH formation from 2-and H202 is cellular iron. 51 Our study concludes that isolated myocytes are capable of generating the maximal amount of * OH during shorter periods of anoxia (15 minutes) and reoxygenation and that this * OH may produce reversible mild damage. Inhibition of * OH production by DEF does not offer any protection, whereas inhibition of lipid peroxidation by DPPD, a nonspecific antioxidant, offers prominent protection against reoxygenation damage, implying that other radical species might be more important contributors to the anoxia/ reoxygenation injury. However, this lack of correlation of maximal * OH production with cell injury cannot be extended to in vivo cases, because the contribution of myocytes toward * OH formation may be only a fraction of the total * OH production on reoxygenation.
